Four freshwater Antarctic lakes were examined for the presence of pgalactosidase-producing bacteria using mineral medium enrichments and lactose. Enrichments from only one of the lakes produced growth and two strains were isolated that were very similar in phenotype and fatty acid profile, and shared considerable homology in their DNA (DNA-DNA hybridization = 9327 YO). The strains were psychrotrophic with theoretical T,,,,,, Tmin and To,, of 30-31, -7 O and 26 "C, respectively. The P-galactosidase in cell extracts had an optimal activity at 39 "C. The strains were Gram-negative rods, showed gliding motility, contained branched and hydroxy fatty acids, and menaquinone 6 as the major respiratory quinone. The strains did not form microcysts and utilized lactose while using ammonium ions as a source of nitrogen, and a range of other sugars. The G+C content of the DNA was 34 mol%. Phylogenetic analysis of one of the strains, by comparison of 165 rDNA sequences, showed that it was most similar, but not identical to, Flavobacterium columnare and [Sporocytophaga] cauliformis '. Both species could be differentiated phenotypically from the Antarctic isolates. DNA-DNA hybridization of the Antarctic isolate with six different members of the Flavobacterium 165 rDNA cluster showed no strain with greater than 18% relatedness. The nearest type species to the Antarctic isolate in the phylogenetic analysis was Flavobacterium aquatile. The name Flavobacterium hibernum is proposed for the Antarctic strains, and the type strain is ATCC 51468T (= ACAM 376T).
INTRODUCTION
Many humans are intolerant to lactose in their diet and as a result are unable to consume unfermented dairy products without considerable discomfort. One technological approach to solving this problem is to use bgalactosidase in the processing of dairy foods. However, the optimal temperatures for hydrolysis of lactose by P-galactosidases range between 30 and 40 OC, which The GenBank accession number for the sequence reported in this paper is L3 9067.
is also the ideal temperature range for the growth of mesophiles that contaminate and spoil dairy products (Gounot, 1991) . Hydrolysis of lactose at low temperatures may be a viable option if a psychrophile can be isolated that produces an efficient low-temperature b-galactosidase (Gounot, 199 1) .
Isolation of bacterial strains. Four freshwater Antarctic lakes [conductivity (pS cm-') and pH given in parentheses after each name] : Druzhby Lake (29,7*2), Crooked Lake (26,7.1), Pauk Lake (118, 7-0) and Lichen Lake (73, 7. 3), were sampled for lactose-utilizing bacteria. Each lake was sampled twice, at the same hour from sample points within 10 m of each other. From each sample, an enrichment for lactose-utilizing bacteria was prepared by adding 1 ml surface water to 9 ml lactose broth that contained (per 1 distilled water): K,HPO,, 0.5 g; (NH,),SO,, 0.5 g ; NaC1, 0.05 g ; lactose (filter-sterilized), 5.0 g. The enrichments were incubated at 2 "C for 1 month. Those enrichments showing turbidity were streaked onto lactose medium (solidified with 1.5 %, w/v, agar) and incubated aerobically at 2 "C for 20 d. A pure culture was prepared from each plate by replating isolated colonies through three successive transfers. Strains were deposited, originally under the name ' Flawbacterium nmcridies ', in the Australian Collection of Antarctic Microorganisms as ACAM 376"' and ACAM 377. ACAM 376' was also deposited in the American Type Culture Collection as ATCC 5 1468'. Subsequently, the strains were routinely grown on lactose medium that was supplemented with 0.1 % yeast extract and 0.05 O h NaC1, solidified with 1.5 YO (w/v) agar; this was defined as 'maintenance medium'.
Determination of optimal growth temperature. Maintenance niedium without agar was dispensed in 10 ml amounts in Ltubes (supplied with temperature-gradient incubator) and placed in a temperature-gradient incubator (To yo) set from 0-35 "C, with 30 tubes spanning that temperature range. Each tube was inoculated with 1 ml relevant test strain and growth curves were prepared for each strain at each temperature, measuring growth by increase in OD,,,). Growth data were fitted to the Ratkowsky temperature growth model (Ratkowsky et al., 1983) using OptiCurve 2.0 (Softhansa).
Temperature characteristics of P-galactosidase activity. Cells were grown in maintenance media at 25 "C for 48 h, collected by centrifugation and resuspended in phosphate buffer (0.1 M, pH 7.0). Cells were lysed in a French pressure cell and the suspension of lysed cells was used as a source of crude enzyme. P-Galactosidase was assayed using the method of Miller (1972) . To determine the optimum temperature for the enzyme, an array of tubes containing the assay mixture was temperature equilibrated in the temperature-gradient incubator (range 16-48 "C). In all tubes, the reaction was started by the addition of 2.6 mM ONPG and stopped by the addition of 1 M Na,CO,, after 28 min. The rate of reaction at each temperature was determined and fitted to the Arrhenius equation model.
To obtain an estimate of the theoretical minimum temperature for enzyme activity, the experiment was repeated at a temperature range between 3 and 19 "C. Data were fitted to the Ratkowsky model (Ratkowsky et a/., 1983) . Morphological and physiological tests. Colony morphology was determined on maintenance medium after 5 d growth at 25 "C. Cells grown for 48 h at 25 "C on maintenance medium were tested for their reaction to the Gram stain (Skerman, 1967) , and for catalase, oxidase and nitrate reduction (Smibert & Krieg, 1981) . The ability to grow anaerobically was tested by inoculating boiled and degassed maintenance medium under a nitrogen headspace under butyl rubber in Hungate tubes. The ability to utilize a range of carbon sources was tested using a Biolog G N Microplate after growth of strains on Tryptic Soy Agar (Oxoid) at 25 "C. Plates were incubated at 25 "C and readings taken at 4 and 24 h. Otherwise the manufacturer's instructions were followed. Reactions in API 20NE and API 20E were tested as described by the manufacturer, except that the tests were incubated at 25 "C for 48 h. Growth on seawater medium, flexirubin production, egg yolk precipitation, production of diffusible pigment on tyrosine agar, and degradation of casein, Tween 80, starch, DNA, L-tyrosine, chitin, agar, alginate, urate and xanthine were tested as described by Bowman et a/.
(1 996). CM-cellulose hydrolysis was tested by overlaying nutrient agar with a thin layer of 0.5% CMcellulose in tap-water agar and examining after two weeks for zones of hydrolysis. Pectin hydrolysis was tested by the method of Hildebrand (1971) . Congo red adsorption was tested by the method of McCurdy (1969) . Alginate hydrolysis was tested by the method of West & Colwell(l984) . To test bacteriolytic activity, Escherichia coli ACM 1803 was grown in nutrient broth (Oxoid) at 37 "C for 24 h. Cells were collected by centrifugation and washed in 1.0 g K,HPO, 1-1 in distilled water. The cells were resuspended in phosphate solution and steamed at 100 "C for 10 min. Agar plates of the following composition (per 1) : K,HPO,, 0.5 g; MgS0,.7H,O, 0.5 g ; NH,Cl, 0.5 g ; NaC1, 0-05 g ; agar, 15-0 g, were prepared. Agar plates were overlaid with a 1 mm layer of the same agar containing the steamed cells of E. coli that had been added at 50 "C so as to give slight turbidity to the overlay. These plates were centrally inoculated and incubated for 7 d at 25 "C. Motility was examined by hanging drop (Skerman, 1967) . Slides were overlaid with a thin film of the nutrient-poor agar used as underlay in the test for bacteriolytic activity, except that Noble Agar (Difco) was used as the gelling agent. Ability to glide was tested by examination of cells between a coverglass and the freshly coated slides using a 100 x oilimmersion phase-contrast objective. Chemotaxonomic tests. Cells were grown in 1 1 maintenance medium, collected by centrifugation, washed in 1.0 g K,HPO, 1-' in distilled water and freeze-dried. Respiratory lipoquinones were extracted from 0.1 g cells (dry weight) by the method of Athalye et a/. (1984) and the major components were identified by HPLC (Tamaoka et al., 1983) . Methyl esters of whole-cell fatty acids (FAMEs) were extracted from stationary phase cells by the method of Moss et al. (1988) . The profile of FAMEs was determined by GC/flame-ionization detection and GC/MS as described by Skerratt et al. (1991) . DNA composition. DNA was extracted from cells by the phenol extraction method of Mesbah et a/. (1989) and the G + C content was determined by HPLC (Mesbah et al., 1989) M93 152). The aligned 16s rRNA gene sequences were compared, between bases 27 and 15 17 (E. oli numbering), using PAUP version 3.1 (Swofford, 1990) to determine dissimilarity between the sequences. All sequences showing a dissimilarity of > 3.5 % were excluded from further analyses except for the sequences for F. aquatile, the nearest type species, and W. virosa, which would be used as the outgroup in the phylogenetic analyses. The duplicated sequences for F. hydatis and F. succhurophilun~, D 12656 and D 1267 1. were also deleted from further analyses. Dissimilarity bet ween the remaining sequences was again determined using PAUP version 3.1. A phylogenetic tree was prepared using this restricted set of sequences and the program f'astDNAml of the RDP (Larsen et a/., 1993) and the sequence of W. virom as the outgroup.
DNA-DNA reassociation.
The spectrophotometric renaturation rate kinetic procedure as adapted by Huss et nl. (1 983) w'ts used to determine DNA-DNA reassociation values between genomic DNA of different strains. In this method, homology is calculated from DNA renaturation rates of homologous and mixture DNA. Genomic DNA was sheared ti, a mean size of 1 kb using sonication, dialysed overnight at 4 "C in 3 x SSC buffer (0.45 M NaCI, 0.045 M sodium citrate, pH 7-0), and adjusted in concentration to approximately 60 pg rn1-I. Following denaturation of the DNA saniples, hybridization was performed at the optimal temperature for renaturation (To,<) which was 25 "C below the DNA melting temperature and was calculated from the following equation : To,, "C = 48.5 + (0-4 I x mol % G + C). 
RESULTS

Bacterial strains
Of the lakes samples used to inoculate the enrichments of mineral medium containing lactose, only those from Crooked Lake became visibly turbid after incubation at 2 "C for 1 month. Both enrichments contained cells of uniform morphology which, when plated on solid medium, produced colonies of a single type. A single strain was isolated from each enrichment and deposited in the Australian Collection of Antarctic Microorganisms as ACAM 376T and ACAM 377.
Phenotypc attributes
Both strains were identical in morphology and a photomicrograph of ACAM 376' is shown in Fig. 1 . Cells were Gram-negative rods, 0.7 x 1-8-13 pm that exhibited gliding motility on fresh, nutrient-poor medium. Colonies on media containing 0.5 Y O lactose and 0.1 YO yeast extract were discrete, opaque, shiny, smooth and yellow, mucoid when grown at 25 "C but gelatinous when grown at 4 "C. Cells grown at 4 "C possessed a thick capsule. On the nutrient-poor medium, colonies were translucent and spread over the agar surfxe. Both strains lysed cells of E. coli that had been boiled and embedded in agar. Neither strain grew anaerobically. Both strains were catalase-positive, oxidase-negative, and contained menaquinone 6 as their major (> 94 YO) respiratory lipoquinone. The strains contained flexirubins, did not adsorb congo red, did not produce diffusible pigments on tyrosine agar and did not form a precipitate in egg yolk agar. Nitrate was reduced to nitrite in the API tests. Both strains displayed similar growth responses to temperature, and the Ratkowsky model, fitted to growth versus temperature data for ACAM 376T, is given in Fig. 2 . Both strains had optimal growth temperatures of 26 "C, with theoretical minimum growth temperatures of -7 "C. Maximal growth temperatures were 30 "C for ACAM 376T and 31 "C for ACAM 377. Both strains grew on 0-2 YO NaCl, but not on 5 YO NaCl or on seawater agar. The strains grew on trypticase soy agar. Both strains degraded casein, Tween 80, starch, DNA and L-tyrosine, but not chitin, agar, alginate, CM-cellulose, pectin, urate, or xanthine. The strains showed 97% similarity in the Biolog test system and gave identical results in the API test systems. In the Biolog system, both strains utilized a- 
Fig. 3.
Fitted Arrhenius plot of ,@galactosidase activity versus temperature for P-galactosidase activity from Flavobacterium hibernum. In k is the natural log of the absorbance of reaction product formed after incubation for 28min. l n e m p . is the reciprocal of the absolute temperature.
inosine, uridine, thymidine, glycerol, D,L-a-glycerol phosphate, glucose-1-phosphate and glucose-6-phosphate. Neither strain utilized adonitol, D-arabitol, ierythritol, m-inositol, D-raffinose, turanose, xylitol, cis-aconitic acid, citric acid, D-glucosaminic acid, ahydroxybutyric acid, p-hydroxybutyric acid, ?-hydroxybutyric acid, p-hydroxyphenylacetic acid, itaconic acid, a-keto glutaric acid, a-keto valeric acid, malonic acid, quinic acid, sebacic acid, succinamic acid, glycyl-L-aspartic acid, L-histidine, hydroxy Lproline, L-leucine, L-phenylalanine, L-pyroglutamic acid, D,L-carnitine, y-amino butyric acid, urocanic acid, phenyl ethylamine, putrescine, 2-amine ethanol, 2,3-butanediol. Unlike ACAM 377, ACAM 376T utilized formic acid, glucuronamide and saccharic acid.
In the API 20E test, both strains were positive for pgalactosidase, gelatin hydrolysis, nitrate reduction and acid from glucose, rhamnose, saccharose and arabinose. The strains were negative for the following: arginine, lysine and ornithine decarboxylase, citrate utilization, H,S production, indole production, Vogues-Proskauer test, tryptophan deaminase and acid from mannose, inositol, sorbitol, melibiose or amylose. In the API 20NE test, both strains hydrolysed aesculin and utilized arabinose, mannose, N-acetyl glucosamine and maltose but not mannitol, gluconate, caprate, adipate, malate, citrate, phenylacetate. Both strains were negative for arginine dihydrolase and urease. The relationship of the activity of /I-galactosidase from ACAM 376T with temperature is shown in the Arrhenius plot in Fig. 3 . The optimum temperature for Fig. 4 . ACAM 377 showed 9 3 & 7 % DNA-DNA hybridization with ACAM 376T. ACAM 376T showed low DNA-DNA hybridization with a range of other strains of the genus Flavobacterium and with ' [ S . ] cauliformis' (Table 1) .
DISCUSSION
Taxonomic placement on polyphasic criteria
Strains ACAM 376T and ACAM 377, which were very similar in phenotypic characteristics and gave a DNA-DNA hybridization value of 93+7%, possessed an obligately aerobic metabolism, menaquinone 6 as the major respiratory lipoquinone, negative Gram reaction, an abundance of branched and hydroxy fatty acids in their fatty acid profiles and the ability to translocate by gliding, all of which are typical of members of the family Flavobacteriaceae. The group has undergone extensive taxonomic revision largely using phylogenetic data (Gherna & Woese, 1993; Vandamme et a/., 1994; Bernardet et a/., 1996) . Phylogenetic analysis of ACAM 376T (Fig. 4) showed that the strain falls within the 'cytophaga' group in the sense of Gherna and Woese (1 993) which was redefined as the genus Flavohacterium by Bernardet et a/. (1996) The group contained the type species of the genus Flavobacterium, F. aquatile. ACAM 376T clustered - Table 1 . Percentage DNA-DNA hybridization of the type strain of the proposed species Flavobacterium hibernum with another representative of that species and phylogenetically closely related strains
The values given are based on 3-5 replicates (standard deviations are in parentheses). . , , , , , , , , , , , , , , , johnsoniae DSM 425 in the tree generated by fastDNAml (Fig. 4) . The three strains also clustered together in the three most parsimonious trees generated by PAUP (not shown), however in two of these trees, ' [ S . ] ccculiformis' DSM 3657 and F. johnsoniae DSM 425 joined prior to ACAM 376' joining the cluster.
A comparison of available 16s rRNA/rDNA sequences showed that ACAM 376T was most similar to F. columnare ATCC 43622 and '[S.] cadiformis' DSM 3657, at 97.8% similarity. F. colzmnare ATCC 43622 did not cluster with ACAM 376T as Flavobacterium columnare ATCC 43622 was more closely related in 16s rDNA sequence to strains of a number of other taxa (e.g. 98.7 % similar to F. saccharophilum ATCC 49530T and 98.0% similar to F. pectinovorum caulformis' DSM 3657 due to its low DNA-DNA hybridization value (Table 1) . The nearest type strains of validly published species to ACAM 376', were F. hydatis NCIMB 221 5T and F. saccharophilum ATCC 49530' with 16s rDNA sequence similarities of 97.4 and 97.3 YO, respectively. Both of these type strains gave low values, < 20 YO, in DNA-DNA hybridization studies (Table 1) . ACAM 376' was also 97.6 Yo related in 16s rDNA sequence to the reference strain F. ,johnsoniae DSM 425, but only distantly related (95.1 YO) in sequence to the type strain of F. johnsoniae, ATCC 17061T. ACAM 376T showed low DNA-DNA hybridization to the reference strain F. johnsonine DSM 425 (Table 1) . On molecular evidence alone, ACAM 376' and the closely related strain ACAM 377 should be described as a new species of the genus Flavobacterium.
DSM 6368'). ACAM 376' was only disiantly related
In addition to the outcomes of the phylogenetic (91.7 YO) in 16s rDNA sequence to the type strain of F.
comparisons (Fig. 4. ) and the DNA-DNA columnare ATCC 2346T. The sequence dissimilarity hybridization data (Table 1 ) , strains ACAM 376T and between F. columnare ATCC 43622 and F. coliimnare ACAM 377 can be easily distinguished phenotypically ATCC 2346T was 7.7%, which would suggest that from their nearest taxonomic counterparts (Table 2) . ATCC 43622 has been mis-identified. ACAM 376 ' On phenotypic grounds, the most similar species to the could not be accommodated in the same species as ' [S.]
proposed species F. hiherrzum is F. hydutis. Of the Flavobacterium hibernum sp. nov. from Antarctica major phenotypic attributes currently used to differentiate species of the genus Flavobacterium (Bernardet et ul., 1996) , the species differ in their colony morphology, ability to degrade CM-cellulose, pectin and chitin, and their ability to produce cytochrome ovidase (Table 2) . Although the description of ' [S.] ccruliforn.ris' is scant, unlike ACAM 376T, members of the species form microcysts and do not produce acid from monosaccharides or disaccharides such as glucose or lactose (Graf, 1962) .
On the basis of the aforementioned molecular and phenotypic data, ACAM 376T and ACAM 377 can be designated as a new species of the genus Fluvohacteriim, for which the name Flavobacterium hibernum is proposed.
Ecology of Fla vobacterium hibern um
Fluvohcrcterium hibernum was isolated from Crooked Lake, a freshwater lake of the Vestfold Hills region of Antarctica. Like most bacteria described thus far from Antarctic continental ecosystems, it is a psychrotroph (Ellis-Evans, 1985) with an optimal temperature for growth of26 "C. Its ability to glide on surfaces and to lyse Gram-negative cells suggests a bacteriovorous role for this species in its environment. In Crooked Lake, as in most freshwater Antarctic Lakes, the amount of particulate organic carbon (227 pg 1-l in Crooked Lake) greatly exceeds that of dissolved organic carbon (1.5 pg 1-1 in Crooked Lake) (Laybourne-Parry & Marchant, 1992) . Antarctic freshwater lakes generally lack planktonic metazoa and the microbial loop is the primary route of nutrient recycling.
The ability of F. hibernum to favour a gelatinous colony at low temperature may be an adaptation to desiccation during freezing in the Antarctic autumn, as the ability to produce exopolysaccharides has been linked to desiccation resistance (Ophir & Gutnick, 1 994) .
Although the species had a temperature optimum for growth of 26 "C and failed to grow at temperatures over 30 O C , the optimum temperature for Pgalactosidase activity of this organism was 38.6 "C. Activity of P-galactosidases at temperatures well above those tolerated by the producing strain seems a common occurrence (Loveland et ul., 1994) . There are clearly better thermally adapted P-galactosidases already 'ivailable for use in the dairy industry (Mahonev, 1985) than those produced by F. hihernum.
Description of Flavobacterium hibernum sp. nov.
Flavohuc~teriuni hibernuni (hi.ber'num. L. adj. hihernus, -a, -un? u intery/of winter).
Gram-negative rods, 0.7 x 1.8-13 pm that exhibit gliding motility on fresh, nutrient-poor medium. Colonies on media containing 0.5% lactose and 0.1 YO yeast extract are discrete, opaque, shiny, smooth and yellow, mucoid when grown at 25 "C but gelatinous when grown at 4 "C. Cells grown at 4 "C possess a thick capsule. Congo red is not adsorbed. The optimal temperature for growth is 26 "C. The maximum temperature for growth is 30-31 "C and the strain grows to the medium freezing point in media prepared with fresh water. The theoretical minimum temperature for growth is -7 "C. G + C content of DNA is 34 mol YO. The type strain ATCC 51468' (= ACAM 376T) was isolated from an Antarctic freshwater lake.
